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1. Introduction

It is expected that the performance of communication and antenna remoting systems can be
greatly enhanced by exploiting the properties of fiber optic components. Lower noise, greater

immunity to electromagnetic interference, and lower weight systems are some of the advantages

that can be realized. Optical systems also have the capacity to handle much larger bandwidths as

well as offer a much lower signal attenuation.

Fiber optic links will be employed in an effort to upgrade the DCCD anechoic chamber test

facility. It is expected that any electro-magnetic interference (EMI) emanating from the existing

microwave system can be reduced measurably by replacing the antenna coaxial cabling and its

associated components with optical link systems. This effort should not only improve the DCCD
test bed, but will yield valuable data about the future of optical component applications in the

microwave domain.

Prior to installation in the anechoic chamber, it was necessary to evaluate the optical link

systems to ensure they meet the interface requirements of the existing system. This includes
dynamic range and noise limitations of the receive only Flexible Adaptive Spatial Signal Processor

(FASSP). Other tests were performed to evaluate the limits of optical links for future systems uses.

The anechoic chamber's antenna consists of twelve phased array elements. Four of these

elements will be replaced by optical link systems. This will allow for direct comparison between

operation of the existing system and optical links once installation is accomplished. The results of
the testing, evaluation, and alignment of the optical links prior to their installation in the anechoic

chamber is detailed in this report. We will compare the measured characteristics of these fiber optic
links to the performance of the RF cabling as well as the requirements of a typical communications

system.

2. System Description

Component selection was based on anechoic chamber and associated equipment interface

requirements. Since the antenna system was designed to run at 8.14 GHz, the task of optical link

selection was significantly simplified. The Ortel TSL-1000 optical transmitter and the Ortel RSL-25

optical receiver were selected based on their frequency range of 10 KHz to 10 GHz.

The maximum received signal likely to be seen at the output of each antenna element
(feedhorn) is less than -40 dBm. Therefore, 50 dB gain, narrow band (centered at 8 GHZ), Miteq

amplifiers were selected to boost the signal. This will supply the Ortel transmitters with power near
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Connector Preamplifier Feedhorn

and Cable
Associated Equipment

Figure I a: Block diagram of one element of the phased array antenna
prior to modification.

--------..... Anechoic Chamber--...............-
-Amplifier

Biconic Optca

Connector Optical OFeedhornC I sol ator Tran smi tter

41-z FASSP

0 I___ and I Fib e r Op t i c  0

Phase Adjusting Optical Associated Equipment Cab
Device Detector

Figure i b: Block diagram of one element of the optically fed
phased array antenna.

their maximum RF input level of 12 dBm and thereby allow us to maximize he usable dynamic

range of the links.

Other devices will be incorporated in each elemental leg of the antenna system (see Figure

1). These include electrical and optical isolators to prevent impedance mismatch reflections from

the feedhorn, and optical reflections to the laser, respectively. 50 meter lengths of fiber and phase

adjusting mechanisms to time match the links are also an integral part of the system.
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3. Measurements

The three basic types of measurements that were performed are third order intermodulation

products, dynamic range and noise figure. These measurements were accomplished on each

complete link and on all sub-components of those links. This thorough characterization of all

components will provide a record of their performance for future system maintenance,

modifications, and upgrades.

F1, F, - Fundamentals

Signal 2F1 , ZF 2 - First Harmonics

Strength 2F1- F2. 2F 2 - F, - Third Order Intermod Products

A (dB) ...... .

Bandwidth
' Envelope

f2F 1 - F2  F1  Fa ZF2 - F, ZF1  2F2  Fruec

Figure 2: Frequency Spectrum representation of third order intermodulation products.

3.1 Third Order Intermodulation Products

When signals of different frequencies are mixed in a non-linear device intermodulation

products are generated. The third order intermodulation terms are caused by the mixing of the first

harmonic of one frequency and the fundamental of the other. If the two fundamental frequencies
are close enough together these intermod products can appear within the bandwidth of the system

and cause distortion (see Figure 2).

3



A standard approach to characterize the third order intermodulation products is by
quantifying the third order intercept point. This point is the input power located at the intercept of
the extended fundamental frequency response characteristic curve and the third order intermod
product response characteristic curve (see Figure 3). The product of the two fundamentals of the

Legend
Range over which data Is measureeble

Pout . Linearly extended data ," ; /

out max i

P (In Products$ ' -.
out

a Fundamental

E E

X Thir

First . * Product
Noise Floor.11. . .Ln

P. P. Thfrd pin inmax Order in
(IM Products) Intercept (dBm)

Point

Figure 3: Characteristic curves for the fundamental, first harmonic, and third order intermod

products.

same amplitude yields a first harmonic characteristic curve with a slope of two on a log scale (since
the exponent of a number can be pulled outside the log term). Similarly, the product of the first
harmonics with one of the fundamentals yields a characteristic curve with a slope of three on a log
plot. Therefore, since the slopes of the two curves are known, the third order intercept point can be
found mathematically by knowing just one point on each curve'. A more reliable and revealing
approach is to measure numerous points on each curve and then find the intercept point using a
best fit line for each curve. This was the approach we chose to make our measurements.

To make these measurements two signal generators and a microwave coupler are used to
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provide the two fundamental frequencies. Since the largest possible bandwidth of the FASSP is 50

MHz centered at 8.14 GHz, the fundamentals F1 and F2 were chosen to be 8.115 and 8.165 GHz

respectively. To prevent intermod products from being created in the generators, two
isolators were placed on each signal generator output (see Figure 4). To further prevent any first

g-O GHz D[YC[
W 5 neatrDIRECTIO NAL

HP 671 CWGenera tor DRCTIONAP L MDERH P 8671B CW CIJ PLR

TEST

HP 8671B CW Generator

Spectrum Analyzer
Figure 4: Block diagram of third order intermodulation and dynamic range measurement

configuration.

harmonic signals from being sent from the signal generators to the Device Under Test (DUT), a 2

GHz bandpass filter centered at 9 GHz is included after the coupler.
The power out of each generator was set equal to the maximum allowable input power for

the DUT plus 8 dB (11 dB to account for measured losses between the signal generator and the

DUT; minus 3 dB because both fundamentals are applied simultaneously). The power out of each

generator was then lowered in increments that would yield a sufficient number of points to deliver

an accurate picture of the power curves. The power in the two fundamentals, first harmonics, and

third order products was measured at each point using a spectrum analyzer.

3.2 Dynamic Range

There are assorted definitions of dynamic range2, the most common of which is the ratio of
maximum device/system power out (typically defined to be the power out prior to the power curve
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deviating from linear by a specified magnitude) to the system noise floor (see Figure 3):

(1) Dynamic Rangem,.= Pout max/Noise Floorsys

or

(2) Dynamic Rangemax(dB) = Pout ma(dBm) - Noise Floorsys(dBm)

The system noise floor is the power at which the signal of interest is no longer detectable above the

system noise (this is sometimes referred to as system sensitivity). It can be quantified by the

equation :

(3) Noise Floorsys(dBm) = 10 Log(kTB) + FDUr(dB)

where k = Boltzmann's constant (1.38 * 10-23 Joule/K)

T = temperature (K)

B = system bandwidth (Hz)

FDUT = noise figure of the DUT (see section 3.3)

Therefore; equation (2) can be rewritten as :

(4) Dynamic Rangemax(dB) = Pout max(dBm) - [10 Log(kTB) + FDUT(dB)]

This equation is readily applied if the noise figure for the DUT is known. Often times that
is not the case, and in these instances the system noise level (Johnson Noise plus Noise Figure)

can be read directly from the spectrum analyzer, typically with very good accuracy 3. This value can

be calculated or accomplished with the noise marker function (if the DUT noise level is at least 10
dB above the spectrum analyzer noise 4) found on most high performance spectrum analyzers. This
function corrects for log amp and detector errors as well as normalizing the noise to a 1 Hz
bandwidth; in effect removing the noise attributed by the spectrum analyzer. This is the approach
we'll use for our link measurements.

Another definition of dynamic range that is of greater consequence when dealing with
communication systems is the spurious free dynamic range (SFDR). This form of dynamic range

is found from third order intermodulation product measurements. The SFDR is the ratio of the
fundamental power out that occurs at the input signal where intermodulation products are just
detected for a given system noise floor, to the level of the noise floor (see Figure 3):
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(5) SFDR = Pout(IM Products)/ Noise Floorsys

or

(6) SFDR(dB) = Pout (IM Products)(dBm) - Noise Floorsys(dBm)

This measurement yields a value which is always less than or at best equal to the maximum

dynamic range of the device (the two are equal when no intermodulation distortion occurs). The

first term in the above equation can be found from the best fit characteristic curves for the

fundamental and third order products; respectively as:

(7) Pout (IM Products)(dBm) = ml*Pim (IM Products)(dBm) + b,

and

(8) Pout ('hird Order CurVm)(dBm) = m3*Pin (dBm) + b3

where eq (7) is the point on the fundamental characteristic curve corresponding to

the onset of third order products for a given noise floor,

eq (8) is the characteristic equation for the third order intermod product line,

m represents the slope of the lines, and

b represents the point at which the line would intercept the Pout axis for Pin equal to

0 dBm.

If we plug into equation (8) the point associated with the noise floor of the system:

(9) Noise Floorsys(dBm) = m3*Pin(IM Products)(dBm) + b3

Solving for Pim(TM Products) and substituting into equation (7) gives:

(10) Pout (IM Products)(dBm) = ml[(Noise Floorsy, - b3)/m3] + b,

The equation for spurious free dynamic range is now found from equations (3), (6), and (10):

(11) SFDR(dB) = [F + 10 Log kTB][(m1 /m 3)-l] - b3m1 /m3 + bi

The two types of dynamic range for each DUT are reported at both a 10 MHz and 50 MHz
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signal bandwidth.

HP 70B Noise Figure Meter

Calibrat ion !&I
SIB

4~ HP 71B )iso Figure Test Set

Noise Source

Device Under Test _ H _ 8 B al Oscillator

Figure 5: Noise Figure measurement configuration.

3.3 Noise Figure

Noise figure (F) is defined to be the ratio of noise out of a device/system divided by it's

gain, to the ideal device/system noise for a given temperature, To of 290 K and signal bandwidth

(B):

F = N0uV kToBG

or

F(dB) = Nout(dBm) - 10 Log(kToBG)

where G = S/ Si = Signal Out / Signal In

Noise figure provides a measure of the decrease or degradation in the signal to noise (S/N) ratio

and can be used to relate system perfort,-ance to component performance5 . If Nout is proportional

to B, as it is in many cases, then F will be independent of B. Noise figure provides information

about the ability of a network to process weak signals.
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Noise figure and gain measurements were accomplished using an HP 8970B noise figure
meter, HP 897 1B noise figure test set, HP 346B noise source, and HP 867 1B synthesized CW

generator (see Figure 5). The two usable bandwidths of the FASSP system are 10 MHz and 50
MHz. The noise figure and gain measurements were made using a signal bandwidth of 6 MHz.
We have assumed that Nut is directly proportional to B and therefore use the same noise figure for

all bandwidths.

. iia

Figure 6: Optical phase matching device.

3.4 Time Matching

Mathematical models can predict antenna radiation patterns for a known system. For
physical realization of a model system, it is necessary that feeds into the experimental system be

time matched as closely as possible. Any significant deviation trom a true time matched system will
result in antenna pattern measurements that differ from predicted results. One degree at 8 GHz,

given the specifications of the test bed, was chosen as a reasonable goal for the time matching of

the antenna feeds.
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The time matching has been realized using a device invented, designed, and manufactured
in the Photonics Laboratory. The device (see Figure 6) provides for variable air gap spacing. The
change in gap size effectively changes the electrical length of the system, hence the relative phase
of the signal at the output of the detector. The two main features of the device are the micrometer
screw adjust and the pig-tailed grin rod lens collimators. The micrometer screw provides 794
microns of translational movement for each turn of the knob. This equates to 7.62 degrees per turn
at 8 GHz. The pig-tailed grin rod lenses collimate the beams to couple a maximum amount of light

across the air gap and thereby increase the range of adjustment.

Time matching was accomplished using a Wiltron 360 network analyzer to compare
phasing at the output of the four links.

4. Results

The results given in the following three sections: amplifiers, links, and time matched
systems, describe peculiarities associated in the measurement procedures, calculations, and results
associated with each specific DUT.

At the conclusion of the text in each section a table of the results for the four DUTs is
included. This is followed by a page for each DUT showing an intermod graph and a noise figure

plot.

4.1 Amplifiers

Data sheets provided with the amplifiers guarantee a minimum gain of 50 dB and linear
operation (1 dB compression point) for output power less than +15 dBm. Therefore, maximum
input to the amps was limited to -35 dBm. After accounting for the losses and double power term

(see section 3.1); intermod measurements were performed starting with a maximum output from
the signal generators of -27 dBm to yield an amplifier input of -38 dBm. Measurements were
continued by lowering the output of both sources simultaneously in 5 dB increments. The values
for the maximum dynamic range were found from the noise figure measurements and equation

(4). The SFDR values were found from the coefficients of the best fit curves given below, and

equation (11). Poul max is +15 dBm.

Based on measured data, the best fit equations for the amplifier fundamental and IM

product lines are:
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Amp SN 130260 Pout (Fwdamnental Curve)(dBm) = 0.98 * Pi, (dBm) + 50.23

Pout (Third Order Curve)(dBm) = 3.13 * Pin (dBm) + 110.5

130261 Pout (Fundamental Cur,,e)(dBm) = 0.97 * Pin (dBm) + 50.54

Pout (Third Order Curv)(dBm) = 3.08 * Pin (dBm) + 106.4

130262 Pout (Fundamental Curve)(dBm) = 0.97 * Pi (dBm) + 47.35

Pout (Third Order Curve)(dBm) = 3.02 * Pi, (dBm) + 101.1

130263 Pout (Fundamental Curve)(dBm) = 0.98 * Pi, (dBm) + 48.63

Pout (Third Order Curve)(dBm) = 3.16 * Pin (dBm) + 104.5

In order to measure noise figure on the amplifiers, a 10 dB attenuator was placed between

the amplifier and the noise figure meter. This pad kept the input to the noise figure meter below its

maximum gain measurement capability of 50 dB. The plotted and tabulated gain values have been

adjusted to reflect the actual gain of the devices (i.e., the 10 dB attenuator is not included). To

insure the 10 dB pads would not affect the noise figure measurements, their noise figure was

measured with no appreciable noise found.

Third Order Maximum Spurious Noise
Amps Intercept Dynamic Free Dynamic Figure Gain

Point (dBm) Range (dB) Range (dB) (dB) (dB)

10 50 10 50
MHz MHz MHz MHz

130260 -28 115 108 84 80 4.2 52

130261 -26 115 108 86 61 3.9 52

130262 -26 115 108 63 78 4.1 49

130263 -26 115 108 85 80 4.2 50

Average -27 115 108 85 80 4 51

Table 1: Tabulated results for the four amplifiers.
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Figure 7: Intermod and Dynamic Range Characteristic Curves
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Figure 8: Noise Figure and Gain Plot
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AMP - 130263
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Figure 13: Intermod and Dynamic Range Characteristic Curves
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Figure 14: Noise Figure and Gain Plot
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4.2 Links

From the Ortel transmitter data sheets, the maximum allowable input to the links is given to

be +12 dBm. From section 3.1a, +20 dBm output from the signals generators is required to

provide a + 12 dBm input to the transmitter. The sources we used could provide a stable output no

greater than +10 dBm. This limitation has no effect on the accuracy of the third order intercept

points since they are interpolated values. For the maximum dynamic range we used the data sheet

max input times the measured gain. The pigtailed fiber from the transmitters and detectors were

fused together in order to measure the performance of the links.

The noise figure was not measured on the links due to the noise figure test set not being

capable of measuring DUTs with a gain less than -30 dB. Since noise figure of the links was not

measured, the gain values had to be found utilizing an alternate method. The gain can also be found

from the "y intercept" of the fundamental characteristic curve. This can be shown as follows:

(12) Pout(dBm) = mPin(dBm)+ b1(dB)

where b, is the y intercept of the fundamental characteristic curve.

(13) Pout(dBm) = Pin(dBm)+ b1 (dB)

since the slope (m) of the fundamental characteristic curve is approximately 1 for a linear device.

Therefore:

(14) Pout(dBm) - Pin(dBm) = b1(dB) = GDtrr(dB)

Since the noise figure of the links is unknown, the noise floor of the system can be found

to be the normalized noise floor as measured by the spectrum analyzer (Noise FloorSA - see section

3.2) times the system bandwidth. The equations for dynamic range are found by appropriate

modification of equations (4) and (11):

(15) Dynamic Rangem(dB) = [12(dBm) + GDtrr(dB)] -

[Normalized Noise FloorsA (dBm/Hz) + 10 Log(B)]

(16) SFDR(dB) = [Normalized Noise FloorsA(dBm/Hz) + 10 Log(B)][(ml/m3)-l] -

16



b3ml/m3 + b,

The normalized noise floor values and best fit equations for the links are:

Transmitter/ Normalized

Receiver SN Noise FloorSA

T-23/R-92 Pout (Fundamental Curve)(dBm) = 1.00 * Pin (dBm) - 31.67 -127 dBm/Hz

Pout (Third Order Curve)(dBm) = 2.90 * Pin(dBm) - 60.53

T-66/R-28 Pout (Fundamental Curve)(dBm) = 0.99 * Pin(dBm) - 34.47 -126 dBm/Hz

Pout (Third Order Curve)(dBm) = 2.80 * Pi(dBm) - 88.00

T-64/R-30 Pout (Fundamental Curve)(d.Bm) 0.99 * Pin(dBm) - 31.53 -138 dBn/Hz

Pout (Third Order Curve)(dBm) = 2.60 * Pin(dBm) - 54.69

T-67/R-32 Pout (Fundamental Curv)(dBm) = 0.99 * Pin(dBm) - 34.61 -135 dBnVHz

Pout (Third Order Curve)(dBm) = 2.92 * Pin(dBm) - 61.08

Third Order Maximum Spurious Noise

Links Intercept Dynamic Free Dynamic Figure Gain
Point (dBm) Range (dB) Range (dB) (dB) (dB)

10 50 10 50
MHz MHz MHzI MHz

T-23;R-92 +15 37 30 27 22 * -32

T-66;R-28 +30 34 27 33 28 -34

T-64;R-30 +14 48 41 31 27 . -32

T-67;R-32 +14 42 35 29 24 -35

Average +18 40 33 30 25 -33

Table 2: Tabulated results for the four links.
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Figure 15: Intermod and Dynamic Range Characteristic Curve
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Figure 16: Intermod and Dynamic Range Characteristic Curves
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4.3 Time Matched Systems

Input to the systems is limited to -38 dBm (+12 dBm maximum to the links minus the 50
dB amplifier gain). Accounting for the loss and double power term, fixed the output of the signal
generators to no greater than -30 dBm and input to the system of -41 dBm.

The noise figure and gain measurements were taken from the noise figure plots. These
curves tended to be noisy due to the isolators not being able to completely eliminate all the
reflections to the laser that were coming back from the phase matching devices. Therefore

averaging was used in order to provide for smoother curves.
The equation for the maximum dynamic range is:

(17) Dynamic Rangemax(dB) = [12dBm-Gap-Gsys] - [ F + 10 Log kTB]

where the term in the first bracket is the maximum allowable power into the system. The equation
for the spurious free dynamic range is the same as used for the amplifier calculations. The
equations for the link fundamental and IM product lines are:

Trans/Receiver/

Amp SN

T-23/R-92/130263 Pout (Fundamenua Curve)(d.Bm) = 0.96 * Pim(dBm) - 12.30

Pou(Third Order cure)(dBm) = 2.34 * Pin(dBm) + 36.21
T-66/R-28/130262 Pout (Fundamental Curve)(dBm) = 1.04*Pin(dBm) - 2.68

Pout (Third Order Curve)(dBm) = 4.20*Pin(dBm) + 128.4
T-64/R-30/130260 Pout (Fundamenta Curve)(dBm) = 0.97*Pin(dBm) - 8.15

Pout (Third order curve)(dBm) = 2.43*Pin(dBm) + 34.85
T-67/R-32/130261 Pout (Fundaental curve)(dBm) - 1.02*Pin(dBm) - 7.77

Pout (rhd order cure)(dBm) = 3.00*Pin(dBm) + 56.00
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Link, Third Order Maximum Spurious Noise
Amp, Intercept Dynamic Free Dynamic Figure Gain
and Point (dBm) Range (dB) Range (dB) (dB) (dB)

Isolator 10 50 10 50
MHz MHz MHz MHz

T-23;R-92 -35 40 33 26 21 15 -11
130263

T-66;R-28 -41 49 42 33 28 14 -4
130262

T-64;R-30 -30 35 28 27 23 22 -7
130260

T-67;R-32 -32 38 31 31 27 16 -10
130261

Average -35 41 34 29 25 17 -8

Table 3: Tabulated results for the time matched systems.
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Figure 20: Noise Figure and Gain Plot
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Figure 22: Noise Figure and Gain Plot
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Figure 23: Intermod and Dynamic Range Characteristic Curves
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Figure 24: Noise Figure and Gain Plot
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5. Conclusion and Recommendations

It is desirable to have the optical links appear transparent to your system, much as you
would expect cabling to be relatively transparent. This is an unrealistic expectation since unlike

cabling, optical links consist of active as well as passive devices.
The active devices such as the amplifier, detectors, and lasers add unwanted noise as well

as signal nonlinearities. The noise limits our maximum dynamic range, while with the additional

nonlinearities our spurious free dynamic range is limited even more. The greatest limitation to our
dynamic range was due to the optical links (laser and detector pair) themselves. This is mostly due

to the inefficiencies of the laser transmitter. A typical system might require maximum dynamic

range and spurious free dynamic ranges in excess of 70 and 50 dB in the MHz bandwidth range,
respectively. The systems we characterized fell short of this mark on the order of 20 to 30 dB but

delivered usable dynamic range values for use in the DCCD anechoic chamber.

A significant drop between the combined gain of the amplifiers and links, and completed
systems is due to the numerous passive devices (optical isolators, biconic connectors, and phase

matching device) inserted in the fiber. Greater electronic amplification would be needed in order to
realize no attenuation of the signal for our optical link systems. Perhaps a better approach would

be to perform the phase matching in the coax. This would eliminate the losses associated with the
phase matching device and therefore the need for the optical isolators (and thereby also eliminate

their loss). Considering their high insertion loss, it is probably more economical to utilize these

devices in long haul systems where the low attenuation in fiber can be more fully appreciated.
For a typical system we would probably want to limit the noise figure to no greater then the

noise figure of our receiver, which would probably be on the order of 10 dB. Our systems
exceeded that amount on average by 7 dB. Since the availability of high speed commercial links is

so limited, this result will have to be tolerated for the present. However this indicates that noise is
an important area for future work. One possible method for lowering noise would be the use of

continuous lasers with external modulators 6. Additional effort in the area of efficient power

transfer from the RF source to the laser diode is also required.
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